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Introduction
The development of artificial receptors for sensing and recog-
nition of environmentally and biologically important ionic spe-
cies, especially transition and post-transition metal ions, is cur-
rently of great interest in various fields of science as biological
probes,[1] environmental sensors,[2] and molecular devices.[3]
Chemistry plays a key role in the controlled design of molec-
ular and supramolecular structures, which can be addressed by
external stimuli (input), and which generate one or more
answer signals (output). These systems that process input sig-
nals by means of combinatorial operations are called logic
gates.[4]
A receptor with varying affinities for different metal ions and
with multiple coordination modes is expected to execute both
simple and integrated logic operations,[5] provided that bind-
ing through different coordination modes and to different
metal ions is associated with changes in optical output in
terms of intensity and wavelength.[6] Various methodologies
have been used to achieve the desired modulation in optical
output in terms of changes in the fluorescence or absorption
spectral properties on binding to certain metal ions. Among
these, intramolecular charge transfer (ICT) and photoinduced
electron or energy-transfer-based processes have been widely
used.[3,7]
Migration of metal ions across polymer membranes in com-
partmental cyclic ligands is known;[8] however, there are fewer
reported examples of site-specific metal ion migration in an
acyclic ligand.[9] To the best of our knowledge, Das and co-
workers[9] reported the only example in which metal ion migra-
tion modulates the absorption and fluorescence response for
executing molecular-level logic gates.
Taking into account the advantageous photophysical[10] and
sensing properties[11] of rhodamine-based compounds, and our
research interest on the design, synthesis, and evaluation of ar-
A new bipyridyl derivative 1 bearing rhodamine B as visible flu-
orophore was designed, synthesized and characterized as a flu-
orescent and colorimetric sensor for metal ions. Interaction
with Cu2+ , Zn2+ , Cd2+ , Hg+ , and Hg2+ ions was followed by
UV/Vis and emission spectroscopy. Upon addition of these
metal ions, different colorimetric and fluorescent responses
were observed. “Off-on-off” (Cu2+ , Zn2+ , and Hg2+) and “off-
on” (Hg+ and Cd2+) systems were obtained. Probe 1 was ex-
plored to mimic XOR and OR logic operations for the simulta-
neous detection of Hg+–Cu2+ and Hg+–Zn2+ pairs, respective-
ly. DFT calculations were also performed to gain insight into
the lowest-energy gas-phase conformation of free receptor
1 as well as the atomistic details of the coordination modes of
the various metal ions.
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tificial receptors,[12] herein we report a novel bipyridyl deriva-
tive 1 bearing rhodamine B to explore its sensing properties
toward various metal ions (Cu2+ , Zn2+ , Cd2+ , Hg+ , and Hg2+).
The spectral response associated with the unusual different mi-
gration of the metal ions from the chelating rhodamine termi-
nal in the open-ring form to the remote bipyridyl terminal,
leads to a combination of optical responses that could be cor-
related for demonstrating some simple logic operations.
Results and Discussion
Molecular probe 1 was synthesized by following a one-pot re-
action procedure using a 2:1 mixture of rhodamine B hydra-
zide and 2,2’-bipyridine-4,4’-dicarboxaldehyde in absolute etha-
nol/tetrahydrofuran (1:1) (Scheme 1).
Spectrophotometric and spectrofluorimetric studies
Owing to the low solubility observed in water for probe 1, all
spectrophotometric measurements were conducted in di-
chloromethane solution. The absorption spectra of probe 1 in
dichloromethane resulted from the sum of two species (bipyr-
idyl and rhodamine groups), showing bands at 220–280 and
~319 nm attributed to the higher-energy ligand-localized p–p*
transitions (see Supporting Information (SI) Figure SI1). The ab-
sorption spectrum of 1 was coincident with the excitation
spectrum, which confirms the purity of this compound in solu-
tion. Compound 1 did not absorb in the 500–600 nm region;
moreover, molecular probe 1 exhibited very weak fluorescence
(F<0.001). Both effects indicated that 1 is present in the spi-
rocycle-closed form.
The receptor molecule 1 has two distinctly different binding
sites: a rhodamine and a bipyridyl unit. Both moieties are
known to bind strongly to several metal ions.
Figure 1A,C,E shows the absorption spectra of compound
1 in the presence of increasing amounts of Cu2+ , Zn2+ , and
Hg2+ , respectively. If no metal ion was added to the solution
of 1 (5.0106m) almost no absorption in the 500–600 nm
region was observed due to the rhodamine spiro conformation
in solution, whereas addition of one equivalent of Cu2+ , Zn2+ ,
and Hg2+ led to the appearance of strong absorption transi-
tions at ~562–564 nm, with a shoulder at ~518–520 nm, which
is characteristic of rhodamine-based dyes.[13]
Upon addition of Cu2+ (Figure 1A), Zn2+ (Figure 1C), and
Hg2+ (Figure 1E), a metal-induced lactam cleavage of the rhod-
amine—from the initial spirolactam form to the ring-opened
amide conformation—took place, facilitating complex forma-
tion. The subsequent colorless/pink transition in the presence
of these metal ions yield significantly high absorptions: e=
3.6104 dm3mol1 cm1 at 562 nm (with Cu2+), e=3.4
104 dm3mol1 cm1 at 562 nm (with Zn2+), and e=5.0104
dm3mol1 cm1 at 564 nm (with Hg2+).
The fluorescence enhancement effects of Cu2+ (Figure 1B),
Zn2+ (Figure 1D), and Hg2+ (Figure 1F) metal ions on receptor
1 were also investigated. Excitation was performed at 520 nm
rather than the peaks of the absorption spectrum (~560 nm)
to obtain a full view of the fluorescence spectra from 530 to
700 nm. In the absence of Cu2+ , Zn2+ , and Hg2+ metal ions,
1 did not exhibit fluorescence (SI, Figure SI1). If one equivalent
of these metals were introduced to a solution of 1 in dichloro-
methane, the conversion from the cyclic lactam form to the
acyclic xanthene took place, and was associated with an in-
crease in the emission intensity observed. Probe 1 (5.00
106m) exhibited 34-fold (FFT=0.453), 31-fold (FFT=0.413),
and 43-fold (FFT=0.573) enhancements in fluorescence inten-
sity at peak wavelengths lmax=577 nm (Cu
2+) and 580 nm
(Zn2+ and Hg2+) in the presence of one equivalent of each
metal ion.
It was observed that the absorbance and fluorescence emis-
sion of probe 1 increased to attain the maxima with the addi-
tion of one equivalent of Cu2+ (Figure 1A,B), Zn2+ (Fig-
ure 1C,D), and Hg2+ (Figure 1E,F) ions. Surprisingly, the subse-
quent increase in the concentration of metal added leads to
a gradual decrease (see insets).
However, the addition of one equivalent or increasing quan-
tities of Hg+ (Figure 2A,B) or Cd2+ (Figure 2C,D) to a dichloro-
methane solution of compound 1 led to the appearance and
the maintenance of strong absorption (e=7.2
104 dm3mol1 cm1 and e=6.0104 dm3mol1 cm1 at 561 nm
with Hg+ and Cd2+ , respectively) and fluorescence emission
bands (52-fold (FFT=0.693) and 48-fold (FFT=0.640) at
579 nm with of Hg+ and Cd2+ , respectively).
To further investigate the binding mode of 1 with Cu2+ ,
Zn2+ , Hg2+ , Hg+ , and Cd2+ , Job’s plots were also carried out.
In all cases, the data exhibited a maximum absorbance and
fluorescence emission when the molecular fraction of 1 was
close to 50%, which also suggests a 1:1 stoichiometry for the
1–Cu2+ , 1–Zn2+ , 1–Hg2+ , 1–Hg+ and 1–Cd2+ complexes (see
SI, Figure 2SI).
These results indicate that in the case of Cu2+ , Zn2+ , and
Hg2+ , metals initially interact with the molecular probe 1 by
coordination with the delocalized amide unit which results in
an increase in the absorption and fluorescence emission re-
sponse. It was then followed by the migration of the metal
ions from the amide to the bipyridine framework, yielding a de-
Scheme 1. Synthetic route of compound 1. Reagents and conditions :
a) NH2NH2·H2O, abs. EtOH, reflux, 3 h, 90%; b) abs. EtOH/THF (1:1), reflux,
2 h, 86%.
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crease in the absorption and fluorescence emission responses
and a visual color change from pink (visible response) and/or
orange (fluorescence response) to colorless (see Figure 3). Nev-
ertheless, Hg+ and Cd2+ metal ions interact with compound
1 by coordination with the delocalized amide unit, and the ad-
dition of increased amounts of these ions did not promote the
migration of the metal from this side to the bipyiridine unit.
Consequently, the loss of color did not take place (see
Figure 3).
The stability constants of the species formed by the interac-
tion of molecular probe 1 in the presence of all metal ions ex-
plored were calculated using HypSpec software (Version 1.1)
and are summarized in Table 1.[14] All data fit to a 1:1 ligand-to-
metal stoichiometry, confirming the Job’s plot experiments.
Taking into account these values, the sequence of the stron-
gest interaction expected for compound 1 decreases in the fol-
lowing order: Hg+>Cd2+>Hg2+>Cu2+>Zn2+ , being higher
for both metals for which the migration was not observed.
Figure 1. A,C,E) Spectrophotometric and B,D,F) spectrofluorimetric titrations of molecular probe 1 in CH2Cl2 as a function of added Cu
2+ (A,B), Zn2+ (C,D), and
Hg2+ (E, F) in CH3CN at 298 K. Insets show the absorption at 319, 346, and 562 nm (A,C,E) and the normalized fluorescence intensity at 580 nm (B,D, F)
([1]=5.00106m, lexc1=520 nm).
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Logic operation
To explore the application of
compound 1 as a logic gate mo-
lecular system based on its com-
plex formation reactions toward
Cu2+ (Figure 1A,B), Zn2+ (Fig-
ure 1C,D), and Hg+ (Fig-
ure 2A,B), binary reactions to
detect Cu2+ (Figure 4) and Zn2+
(Figure 5) after the addition of
Hg+ were also carried out. A
XOR logic operation can be
mimicked with compound 1[15]
using Hg+ and Cu2+ as the two
logic inputs, with the normalized
emission intensity at 580 nm
(I580 nm) as the logic output. The
absorption and emission spectra
of 1 in dichloromethane solution
in the presence of Hg+ and/or
Cu2+ are shown in Figure 4.
Figure 2. A,C) Spectrophotometric and B,D) spectrofluorimetric titrations of molecular probe 1 in CH2Cl2 as a function of added Hg
+ (A,B) and Cd2+ (C,D) in
CH3CN at 298 K. Insets show the absorption at 319, 346, and 561 nm (A,C) and the normalized fluorescence intensity at 579 nm (B,D) ([1]=5.0010
6m,
lexc1=520 nm).
Figure 3. Proposed mechanism of “migration” in system 1 for Cu2+ , Zn2+ , and Hg2+ (left) and “no migration” for
Hg+ and Cd2+ (right). Also shown are images of the solution of 1 in CH2Cl2 before and after addition of M
n+ (for
Mn+ =Cu2+ , Zn2+ , Hg2+ , Hg+ , and Cd2+) under visible light and after excitation at 365 nm using a fluorescence
lamp.
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We define state “1” as the output of I580 nm>0.5 and state “0”
as the output of I580 nm<0.5. In the absence of the two inputs
of Hg+ and Cu2+ (namely the input combination of “0,0”), the
output of I580 nm is <0.5, corresponding to the “0” state. Upon
individual presence of Hg+ or Cu2+ (namely the input combi-
nation of “0,1” or “1,0”), the output of I580 nm is >0.5. The simul-
taneous presence of Hg+ and Cu2+ (namely the input combi-
nation of “1,1”) can give a low output of I580 nm, showing the
“0” state. However, as shown in Figure 5B, the simultaneous
presence of Hg+ and Zn2+ (namely the input combination of
“1,1”) can give a high output of I580 nm, showing the “1” state.
The above results give a typical truth table for an XOR and OR
logic circuits, respectively (Figure 6).[15]
Theoretical calculations
To gain insight into the atomistic details of the coordination
modes of the cations to the rhodamine-based receptor, some
DFT calculations were performed at the B3LYP/LANL2DZ level
using Gaussian 09.[16] In some cases, it was necessary to intro-
duce water molecules to complete the coordination sphere of
the metals, such that the calculated association energies fully
reflect the preferences of the metals to the distinct receptor
binding sites.
Figure 7 shows the lowest-energy gas-phase conformation
of the free receptor 1. This conformation presents the bipyri-
dine fragment twisted around the inter-ring bond such that
the nitrogen atoms therein point in opposite directions to min-
imize the electrostatic interaction between them. The central
five-membered ring is closed, leading the spiro center to
enable an orthogonal disposition between the bipyridine and
rhodamine fragments.
Upon complexation with the cations, the lowest-energy con-
formations of the resulting mono-complexes present the cen-
tral five-membered ring opened, allowing the hydrazide nitro-
gen atoms to be exposed and coordinate the cation (Figure 8)
via the electron lone pairs, made available upon opening of
the spirolactam ring. Stabilization of the complexes requires
water molecules around the cation, both to shield its positive
charge and to complete its coordination sphere. In the experi-
mental setup, these water molecules are residually present in
the non-coordinating solvent used in the titrations (CH2Cl2).
Looking into the coordination mode of Hg2+ to 1 (similar
discussion is possible for Zn2+
and Cu2+), the cation coordi-
nates both hydrazide nitrogen
atoms and four water molecules,
leading to N···Hg2+ distances of
1.95 and 1.98 , and H2O···Hg
2+
distances between 2.43 and
2.66 . This conformation pres-
ents the bipyridyl fragment ro-
tated around the bipyridyl–hy-
drazide bond such that one of
the nitrogen atoms from the
former fragment is also able to
simultaneously establish a hydro-
gen bond with one of the coor-
dinated water molecules. This
type of conformation contrasts
with the lowest-energy confor-
mations obtained for the com-
plexation with Cd2+ and Hg+
(see Figure 8, bottom row, for
1·Hg2+), in which the bipyridyl
fragment does not rotate
around the bipyridyl–hydrazide
bond, and therefore does not in-
teract with the coordination
waters around the metal. Never-
theless, the coordination of the
Table 1. Stability constants for probe 1 in CH2Cl2 in the presence of
metal ions Cu2+ , Zn2+ , Hg2+ , Hg+ , and Cd2+ in CH3CN for a 1:1 metal to
probe 1 interaction.
Mn+ S log b [Abs] [Emission] S log b [Emiss] [Emission]
Cu2+ 10.38 (9.81103) 10.32 (1.35102)
Zn2+ 10.29 (4.33103) 10.14 (1.90102)
Cd2+ 14.13 (1.04103) 14.37 (1.86102)
Hg2+ 11.09 (8.70103) 11.29 (1.70103)
Hg+ 15.92 (1.58103) 16.89 (1.67102)
[a] Data represent the mean of n=3 experiments; SD are given in paren
theses.
Figure 4. Top : A) Spectrophotometric and B) spectrofluorimetric response of 1 Hg+ in CH2Cl2 as a function of
added Cu2+ in CH3CN at 298 K; inset shows the normalized fluorescence intensity at 580 nm (B)
([1]=5.00106m, lexc1=520 nm). Bottom : Schematic representation of the proposed interaction of compound
1 with Hg+ and Cu2+ . Images show the solution of 1 in CH2Cl2 before and after the addition of Hg
+ and Cu2+
under visible light and after excitation at 365 nm using a fluorescence lamp.
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metal occurs preferentially to
the hydrazide nitrogen atoms in
a manner similar to that previ-
ously described. The direct inter-
action of the bipyridyl moiety
with the hydration waters might
provide a direct path to the
“cation migration” phenomena
observed experimentally upon
addition of higher amounts of
Cu2+ , Zn2+ , or Hg2+ , but not ob-
served for Cd2+ or Hg+ . The bi-
pyridyl fragment offers an addi-
tional coordination site that can
be easily occupied by the cation,
although the resulting binding
arrangement is slightly less fa-
vorable than the former one for
all complexes.
The addition of a second
cation leads to coordination of
the two species to both binding
sites of 1. Figure 8 (top row)
presents the lowest-energy con-
formation of the association of
2Hg2+ and Hg2+ and Zn2+ to 1.
Similarly to the 1:1 (M/L) com-
plexes described above, the cen-
tral five-membered ring is opened, leaving the two hydrazide
nitrogen atoms available for coordination with the Hg2+
cation. In this case, however, the bipyridyl moiety directs its ni-
trogen atoms in the same direction, coordinating the either
the second Hg2+ or the Zn2+ cation. In both cases, the cations
are surrounded by water molecules, thus completing the coor-
dination sphere of the metals.
Figure 5. Top : A) Spectrophotometric and B) spectrofluorimetric response of 1 Hg+ in CH2Cl2 as a function of
added Zn2+ in CH3CN at 298 K ([1]=5.0010
6m, lexc1=520 nm). Bottom : Schematic representation of the pro
posed interaction of compound 1 with Hg+ and Zn2+ . Images show the solution of 1 in CH2Cl2 before and after
the addition of Hg+ and Zn2+ under visible light and after excitation at 365 nm using a fluorescence lamp.
Figure 6. Output response (I580 nm) of compound 1 in CH2Cl2 solution
([1]=5.00106m, lexc1=520 nm) upon the presence of Cu
2+ (I1) and/or
Hg+ (I2) corresponding to an XOR logic gate (O1) and upon the presence of
Hg+ (I2) and/or Zn
2+ (I3) corresponding to an OR logic gate (O2).
Figure 7. Lowest energy gas phase conformation of receptor 1 at the B3LYP/
LANLD2Z level. The inset provides a top view of the conformation in which
the orthogonal arrangement of the bipyridyl fragment relative to the rhoda
mine core is visible. Green: carbon, deep teal : nitrogen, hot pink: oxygen,
white: hydrogen.
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Conclusions
In summary, a simple and easy-to-prepare rhodamine B based
molecular probe that contains a bipyridyl unit was designed,
synthesized, and structurally characterized. Colorimetric and
fluorescent responses of the type “off-on-off” were observed
upon the addition of Cu2+ , Zn2+ , and Hg2+ . However, an “off-
on” response was detected in the presence of Hg+ and Cd2+ .
These results suggested that all metal ions initially interacted
with molecular probe 1 by coordination with the delocalized
amide unit, which resulted in an increase in the absorption
and fluorescence emission response. Nevertheless, Cu2+ , Zn2+ ,
and Hg2+ metal ions migrated from the amide to the bipyri-
dine framework, yielding a decrease in the absorption and
fluorescence emission responses and a visual color change
from pink (visible response) and/or orange (fluorescence re-
sponse) to colorless. In all cases, a 1:1 ligand-to-metal stoichi-
ometry was determined.
DFT calculations were used to test these experimental data.
The lowest-energy conformations for the coordination mode
of all explored metal ions to 1 suggested that each cation co-
ordinates both hydrazide nitrogen atoms and water molecules.
In the case of Cu2+ , Zn2+ , and Hg2+ , this conformation pres-
ents the bipyridyl fragment rotated around the bipyridyl–hy-
drazide bond such that one of the nitrogen atoms from the
former fragment is also able to simultaneously establish a hy-
drogen bond with one of the coordinated water molecules.
However, in the presence of Cd2+ or Hg+ this interaction was
not observed to take place. The hydrogen bond interaction
could be responsible for providing a direct path to the “cation
migration” phenomena observed experimentally upon addition
of higher amounts of Cu2+ , Zn2+
, or Hg2+ , but it did not take
place with Cd2+ or Hg+ .
The presence of two binding
sites in the molecular probe
1 was exploited to mimic XOR
and OR logic operations, using
Hg+/Cu2+ and Hg+/Zn2+ as
logic inputs, respectively, and
I580 nm as the logic output.
Experimental Section
Materials and methods
Elemental analyses were per-
formed in a Fisons EA-1108 ana-
lyzer at the CACTI, University of
Vigo Elemental analysis Service. 1H,
13C, COSY, DEPT, and HSQC NMR
spectra were recorded on a Bruker
AMX-500 spectrometer (at RE-
QUIMTE, FCT-UNL), and [D6]DMSO
was used as the solvent in all
cases. MALDI-ToF MS analyses
were performed at the PROTEO-
MASS-BIOSCOPE Group, using
a Bruker MALDI-ToF MS model Ul-
traflex II Workstation (Bruker, Germany) equipped with a nitrogen
laser radiating at 337 nm. The spectra represent accumulations of
5100 laser shots. The reflector mode was used. The ion source
and flight tube pressures were <1.80107 and <5.60107 Torr,
respectively. The MALDI MS data of probe 1 (1 or 2 mgmL1) were
recorded using the conventional simple preparation methods, with
CH2Cl2 as solvent in the absence of MALDI matrix.
Spectrophotometric and spectrofluorimetric measurements
Absorption spectra were recorded on a JASCO V-650 spectropho-
tometer, and fluorescence emission spectra were recorded on
a Horiba JY Scientific Fluoromax 4 spectrofluorimeter. The linearity
of fluorescence emission versus concentration was checked in the
concentration range used (104 106m). Correction of the ab-
sorbed light was performed when considered necessary. The spec-
trophotometric characterization and titrations were performed by
preparing stock solutions of compounds 1 in CH2Cl2 (~103m) in
a 10 mL volumetric flask. The studied solutions were prepared by
appropriate dilution of the stock solutions up to 105 106m. Titra-
tions of probe 1 were carried out by the addition of microliter
amounts of standard solutions of the metal ions in CH3CN. All
measurements were performed at 298 K. Fluorescence quantum
yields of 1 were measured by using a solution of rhodamine 101 in
absolute EtOH (0.01% HCl) as standard ([F] 0.54),[17] and all
values were corrected taking the solvent refraction index into ac-
count.
DFT calculations
DFT calculations were performed with Gaussian 09[16] with default
grids and convergence criteria, using the B3LYP functional and the
LanL2DZ basis set, consisting of a D95V set for hydrogen and first-
row elements, and a Los Alamos effective core potential (ECP) plus
Figure 8. Lowest energy co conformations of the association of Cd2+ and Hg2+ (bottom row) and 2Hg2+ and
Zn2+/Hg2+ (top row) to receptor 1, highlighting the interaction with the water molecules that complete the coor
dination spheres of the metals. Details as in Figure 7 (metals shown as spheres).
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a DZ set for the valence electrons of the metals.[18] In some cases,
it was necessary to introduce water molecules to complete the co-
ordination sphere of the metals, such that the calculated associa-
tion energies fully reflect the preferences of the metals for the dis-
tinct receptor binding sites.
Chemicals and starting materials
Hydrazine hydrate, 2,2’-bipyridine-4,4’-dicarboxaldehyde, and hy-
drated tetrafluoroborate salts were commercially available (Alfa
Aesar and Aldrich). Rhodamine B was purchased from Exciton
(USA). The used solvents were of reagent grade and were purified
by standard methods.
Synthesis of compound 1
Rhodamine B hydrazide was prepared following a published
method.[19] Rhodamine B hydrazide (456 mg, 1.00 mmol) was dis-
solved in absolute EtOH (25 mL); 2,2’-bipyridine-4,4’-dicarboxalde-
hyde (112 mg, 0.50 mmol) in THF (25 mL) was then added. The re-
action mixture was stirred and heated at reflux for 2 h, after which
time it was cooled and filtered. The residue was washed thorough-
ly with a mixture of cool absolute EtOH and THF (50:50) and dried
to afford 1 as a white solid: 280 mg (86%; the yield was calculated
based on starting reagents). All product was purified by precipita-
tion. 1H NMR (CDCl3): d 1.15 (t, J 7.1 Hz, 12H, NCH2CH3), 3.33 (q,
J 7.1 Hz, 8H, NCH2CH3), 6.31 (dd, J1 8.9 Hz, J2 2.2 Hz, 2H, Xan-
thene-H), 6.43 (d, J 2.2 Hz, 2H, Xanthene-H), 6.50 (d, J 8.9 Hz,
2H, Xanthene-H), 7.13 (d, 1H, Ar-H), 7.42 (m, 2H, Ar-H), 7.62 (dd,
2H, Py-H), 7.73 (dd, 2H, Py-H), 7.98 (d, 1H, Ar-H), 8.43 (s, 2H, Py-H),
8.79 (br s, 1H, N CH), 10.20 ppm (s, 1H, O CH); MALDI-ToF MS:
found: m/z 651.93 [1+H], calcd for C40H38N6O3 650.3; Elemental
analysis (%): found: C 71.63, H 6.27, N 12.38, calcd: C 71.84, H 6.03,
N 12.57.
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